INTRODUCTION
Fibre reinforced polymer composites are being used in various industrial applications due to their high specific strength as compared to the metals and ceramics. Two types of polymers; thermoplastics and thermosetting resins are used as matrix material in such composites. The fast production cycle, low tooling cost and ease in processing have broadened the area of application of stampable thermoplastic composites [1] [2] . The semi crystalline polyolefins are generally used as matrix due to their high chemical resistance, ease of fabrication, high impact strength, low temperature toughness coupled with the low cost. The addition of inorganic short glass fibres to a polyolefin matrix generally leads to the significant improvement in mechanical properties [3] [4] [5] [6] [7] [8] [9] . In some cases, the toughness of matrix material deteriorates on addition of glass September/October 2001 fibres [9] . The incorporation of organic fibers in the matrix however shows improved toughness. A desired combination of tensile modulus and toughness can be achieved in the composite by hybridizing organic and inorganic reinforcing fibres. The impact strength of the composite increases on replacement of glass fibres by the organic fibres in linear-low-density polyethylene (LLDPE) matrix [10] . Kevlar and glass fibre reinforced LLDPE composites have been studied for their impact strength and dynamic mechanical behaviour [11] . The impact strength increases with the increased volume of Kevlar fibre in the composite. The hybridization of kevlar and glass fibres helps in designing the composites with a desired combination of impact strength and modulus.
The steady state and dynamic viscoelastic properties are evaluated to study the structure and flow behaviour of the fibre reinforced polymeric systems. The steady shear flow measurements which are generally used for short fiber filled systems are rarely employed to long fiber filled systems due to the higher heterogeneity. The structure of such composites also changes gradually under large shear deformations and it becomes difficult to achieve the stable flow. Therefore, the flow properties of long fibre reinforced polymeric composites are studied under dynamic conditions by means of oscillatory flow experiments under small strain/ deformation amplitude.
In present study the dynamic viscoelastic properties of organic kevlar fibre/ inorganic glass fibre reinforced LLDPE composites are investigated to know the effect of the hybridization of Kevlar and glass fibre in LLDPE matrix. The storage modulus, G', loss modulus, G", dynamic viscosity, h', of Kevlar, glass fibre and their hybrid reinforced LLDPE composites have been discussed with reference to the loading of fibres and variation in composition of hybrid. The effect of orientation of fibres on rheological parameters is also reported here.
MATERIALS AND METHODS
LLDPE powder (Type-A 220 J of Japan polyolefins Co. Ltd. Japan, density -0.923 g/cc, M.F.R. -20 g/10 min.) was used as matrix material. Reinforcing fibres for preparation of hybrid composite were glass fibres (Micro glass roving of Nihon glass fibre, Co. Ltd. Japan; tensile modulus 73.8 GPa, density 2.57 g/cc, initial length 5 mm, diameter 13 mm) and Kevlar fibres (Kevlar 49 of TorayDupont, Co .Ltd. Japan; tensile modulus 131.4 GPa, density 1.48 g/cc, length 10 mm, diameter 12 mm).
Two sets of 10 and 20 volume percent of fibres were reinforced in LLDPE matrix. In both the sets the composition of Kevlar and glass fibres was varied as 25, 50, 75 and 100 volume percent of total volume of fibres in composite as shown in Tab. 1. LLDPE powder was dry blended with fibres and then mixed powder was extruded through an elastic melt extruder. The elastic melt extruder works on the Weissenberg principle [12] . The materials are fed directly into the shearing zone, which is built by the rotor and stator. The effective rotor diameter is 14 cm. The temperature of extruder was kept constant at 200°C for all compositions. The extruded material was quenched in water at 12°C and was immediately cut by pelletizer to 5 mm length. The pellets were dried in air circulating oven at 75°C for 12 hours. The above process was repeated to achieve better mixing. Weighed amount of pellets was placed in the mould. The material was compressed between the hot plates for 3 minutes under 5 MPa pressure at 200°C. The mould was then cooled immediately under the same pressure by circulating water at 12°C and sheets of 0.8, 1.5 and 2.5 mm thickness were prepared. These sheets were cut to disc shape for tests by using a sawing machine. These discs were tested on a parallel plate type rheometer (plate radius, R = 1.25 cm) from Nihon Rheology Ki-Ki Co. Ltd. The rheological tests were conducted under dynamic state of measurements at different oscillatory angles and angular frequencies. All the measurements were taken at 200°C. Angular frequency range was from 10 -2 to 10 s -1 .
The linear viscoelastic properties such as storage modulus, G', and loss modulus, G", measured by a parallel plate rheometer were calculated by using the following equations [13] (1) Kevlar fibres does not reduce significantly during compounding and moulding of composites, however the splitting of fibres was observed. The detailed analysis is reported elsewhere [11] . The storage modulus, G', of 10 vol% fibre reinforced LLDPE having the thickness of 2.5 mm is shown in Fig.1 . G' increases with the increased angular frequency, w, at a fixed oscillatory angle q = ± 1°. G' of hybrid fibres reinforced LLDPE lies between the curves belonging to Kevlar fibre reinforced LLDPE and glass fibres reinforced LLDPE. As compared to glass fibres, addition of Kevlar fibres shows higher values of storage modulus. At low w values, G' increases sharply with w. This rise is however moderate at higher w values. The replacement of glass fibres by Kevlar fibres increases G' values. The higher values with Kevlar fibres may be attributed to the comparatively long Kevlar fibres of higher modulus over the short glass fibres. The average length of glass fibres in the composites is less than 700 mm and that of Kevlar fibre is nearly 10 mm. The long Kevlar fibres can easily entangled with each other and contribute to G'. The Fig. 2 illustrates another set of data with 20 vol % fibre reinforcement which shows similar behaviour as of 10 vol % reinforcement. The steep rise of G' at low w is observed which is followed by a moderate rise in G' with w. The similar results have been reported in the literature for carbon black [15] and glass fibre reinforced polyethylene melts [16] .
The loss modulus G'' is plotted against angular frequency w in Figs. 3 and 4 for 10 and 20 vol % fibre reinforced LLDPE, respectively. G'' (2) Where M 0 , H, R and q are torque amplitude, gap between the parallel plates, radius of plate and oscillatory angle in radian, respectively. Cryogenically fractured surface of composites was observed in Scanning Electron Microscope (model TOPCON DS -720).
RESULTS AND DISCUSSION
The inorganic glass fibres suffer severe damages during compounding and moulding [14] . The average length of glass fibres in present study decreased after compounding. increases with the increase of w and fibre reinforcement. Higher values of G'' are observed for Kevlar fibre reinforced LLDPE as compared to the glass fibre reinforced LLDPE. The slope of curves decreases with the increased volume percent of the Kevlar fibre in hybrid fibre reinforced LLDPE. A plateau region in G'' at low frequencies was observed in 20 vol % fibre reinforced LLDPE curves. These data indicate the existence of yield stress with 20 vol% reinforcement of either single or hybrid fibres. The dynamic viscosity, h', was calculated by using following equation [13] (3) and plotted against angular frequency for both 10 and 20 vol% reinforced LLDPE and shown in Figs. 5 and 6, respectively. Fibre reinforcement increases the h' of LLDPE. At low w values, the effect of fibre reinforcement is significant. Values of h' for Kevlar fibre and hybrid fibre reinforced LLDPE are significantly higher as compared to those of short glass fibre reinforced and unreinforced LLDPE. The fibres resist the flow of matrix and hence increase the h'. On comparing the slope of various curves, it is evident that reinforcement of fibres demonstrated shear thinning effect at low angular frequencies also. The dynamic viscosity decreases with the increased w in almost all cases, particularly at higher w values.
Figs. 7 and 8 are the plots between G' and composition of hybrid fibres for two sets of data, i.e. 10 and 20 vol % reinforcement of fibres in LLDPE, respectively, at various angular frequencies. The increased volume percent of Kevlar fibres in hybrid of glass and Kevlar increases storage modulus. The increase in G' is also related with the angular frequency. At low angular frequencies the value of G' increases with Kevlar fibres however, this increase is significantly high at higher w values as shown in Figs. 7 and 8. At 25 vol % replacement of glass fibres by Kevlar fibres, the values of G' increased. These G' values remain moderate at 50 vol % replacement however at 75 vol % replacement, a significant rise was observed at higher angular frequencies.
Eqs. 1, 2, and 3 that are used to evaluate the rheological properties G', G", and h', contain the parameter H, the gap between the parallel plate and hence the change in thickness of sample should not in-general affect the values of G', G", and h'. However, in present case the values of G', G", and h' varies with the thickness of the sample. This may be attributed to the change in morphology/average orientation of fibres in the composites of varied thickness. This variation is an outcome of the fabrication process of composite test pieces. When material is pressed between the two hot platen of the press to make a 0.8 mm thick sheet, the fibres are oriented predominantly in two directions. In case of 2.5 mm thick sheet, the top and bottom layers contain the fibres oriented mainly in two direction as compared to middle layer of composite. The mid- dle layer is composed of randomly oriented fibres. This happens during the fabrication of composite samples. The pressure is applied on the composite material in one direction, say for example, in z direction and thus the fibres preferably took their positions in x-y plane because of the possible movement in that plane only. Secondly, heat is supplied to material through the hot platen. The material in contact with the hot platen of the press would be at a higher temperature as compared to the material at middle position. It is also expected that the fibres can easily move and align in a plane near the platen. The gradient temperature effect would be significant in higher thickness in which skin part of composite sample would show the orientation of fibres in a plane whereas the middle portion would be less affected and shall remain randomly oriented. Fig. 9 shows an schematic presentation of distribution and orientation of fibres in 0.8, 1.5 and 2.5 mm thick composites as discussed above. Fig. 10 shows the fractograph of skin and middle part of composite of 2.5 mm thickness. The top portion of the fractograph shows a part of the top layer in which the direction of fibres is preferably horizontal. The lower part of fractrograph, which represents the middle layer, shows random orientation of fibres.
Figs. 11, 12, and 13 compare the variation of G', G", and h' with w respectively for composites of varied average fibre orientation (thickness of composite samples). For Kevlar and glass/Kevlar hybrid fibre reinforced LLDPE, G', G", and h' increase with H as shown here. An increase in H gradually increases the random distribution of fibres in the composites resulted from the fabrication method employed for making these composites. The trend of increasing G', G", and h'with H was not clear in short glass fibre reinforced LLDPE composites.
Apart from the changed morphology the strain amplitude also varies with H. The strain amplitude, g, is related with the oscillatory angle, q, radius of plates, R, and the distance between the parallel plates, H, of a rheometer by the fol-0.8mm 
In present heterogeneous system, the change in H is associated with the change in average orientation of fibres in the composite and hence affects the dynamic rheological properties of composites differently as compared to those affected by changing the oscillatory angle.
In Fig. 14 and 15 , G' versus g and G" versus g, respectively, are shown. These data were obtained at different thickness and oscillatory angles. The strain amplitude, g, was calculated by using Eq. 4. The values of g at ± 0.5° q angle for 0.8, 1.5 and 2.5 mm H values were 13.6, 7.3 and 4.4 %. Similarly values corresponding to ± 1, ± 2, ± 4°q
angle were obtained and plotted in Figs. 14 and  15 . The values of G' and G" decrease sharply with the increased strain amplitude percentage at lower values of g which however become weakly sensitive to the increased strain amplitude. 
CONCLUSIONS

